Fusions with the bacterial gene for chloramphenicol acetyltransferase followed by P-element-mediated germ-line transformation in Drosophila have permitted localization of the DNA sequence that confers a high degree of developmental specificity on a pair of silkmoth eggshell (chorion) genes. The short, 272-base-pair, 5'-flanking region shared by the divergently transcribed genes is sufficient for developmentally appropriate expression when placed upstream of the chloramphenicol acetyltransferase gene, in either orientation. A highly conserved motif within that region, TCACGT, is essential for chorion-specific expression.
Our understanding of the mechanisms that regulate eukaryotic gene expression has progressed rapidly, through in vitro DNA manipulations coupled with in vivo transformation assays. Important cis-regulating elements have been defined with some precision, many but not all of them in the 5'-flanking DNA (e.g., refs. 1-3). For analysis of elements involved in developmental regulation, Drosophila melanogaster has proved a particularly favorable system, because of the availability of a convenient germ-line transformation procedure (4, 5) and a wealth of developmental, genetic, and cytogenetic information. In addition to the investigation of promoter regions of individual Drosophila genes (6-9), studies have dealt with the control elements of genes that are organized in divergent, coordinately transcribed pairs (10) .
We have been studying the developmental regulation of eggshell or chorion genes in the silkmoth Bombyx mori (reviewed in ref. 11) . These genes are organized in divergent pairs that are expressed coordinately, with very high sex, tissue, and temporal specificity and that share an exceedingly short [300 ± 50 base pairs (bp)] common 5'-flanking DNA. We have shown (12) that a pair of such genes, wholly contained within a 3.1-kilobase (kb) DNA fragment, is normally regulated after it is integrated in the Drosophila genome, irrespective of the chromosomal integration site. Thus, despite the evolutionary distance between these species, Drosophila trans-regulatory factors can recognize correctly the cis-regulatory elements involved in the highly precise developmental regulation of Bombyx chorion genes. We have pursued this trans-genic analysis and here report that regulatory elements sufficient for normal regulation reside within the shared 272-bp 5'-flanking (intergenic) DNA of the gene pair. Within that DNA, an essential regulatory element has been defined by introducing in vitro a small cluster of base substitutions.
MATERIALS AND METHODS
Plasmid Construction. Construction of the CarCat-1 vector involved isolating a 1.7-kb Bgl I-BamHI fragment from pSV2-cat (13) , blunting the ends with T4 DNA polymerase, and inserting the fragment into the Hpa I site in the polylinker of pCar20 (14) through blunt-end ligation. The intergenic region of chorion gene pair A/B.L12 was isolated as a Bsm I-Xmn I fragment from pB23 (12) . The fragment was treated with T4 DNA polymerase and blunt-end ligated into the CarCat-1 polylinker at a Sal I site that was filled in with DNA polymerase I. The resulting plasmids were named pAwt and pBwt, depending on the orientation of the intergenic region with respect to the chloramphenicol acetyltransferase (CAT) gene.
In Vitro Mutagenesis. A 618-bp Sau3A-Fok I fragment from gene pair A/B.L12 (from position +78 to position +265 with respect to the A-and B-gene transcription initiation sites) was blunted and subcloned into the Sma I site of M13mpl9 in both orientations. Double-stranded replicative form of the appropriate M13 derivatives was linearized with Stu I (in the Agene signal-peptide sequence) or Mlu I (in the B-gene intron). Two respective sets of deletion derivatives were then created by digesting the linearized molecules with exonuclease BAL-31 for various periods of time, ligating the products to an 8-mer Bgl II linker (CAGATCTG), and recircularizing them.
The deletion derivatives of the intergenic region, AAT, AM1, and AA2, were recovered as Bsm I-Bgl II fragments from M13 clones with the appropriate BAL-31 end points and inserted into CarCat-1 as above. To generate linker substitutions in the promoter region, matched end points offset by the length of the Bgl II linker (8 bp) were chosen from the two sets of deletions and combined by insertion into the plasmid Bluescribe. The mutated promoter region in which a defined, short region had been substituted with the linker sequence CAGATCTG was then excised from the intermediate vector with Bsm I and Xmn I and transferred into CarCat-1.
Generation of Transformant Lines. Germ-line transformation of Drosophila and selection, analysis, and propagation of independent transformant lines harboring single inserts were performed essentially as described (12) .
RNA Analysis. Follicular RNA extraction and RNA gel blot analysis using complementary RNA chorion probes were as reported (12) . To generate a CAT-specific probe, a 0.66-kb HindIII-Sca I fragment isolated from pSV2-cat was radiolabeled using random primers and the Klenow fragment of DNA polymerase I (15 RESULTS AND DISCUSSION Description of the Constructs. To analyze the cis-regulatory elements that permit developmentally correct expression of Bombyx chorion genes in Drosophila, the bacterial gene for CAT was used as an expression marker. We constructed vector CarCat-1 ( Fig. 1) , a hybrid derivative of pSV2-cat (13) and the P-element transformation vector Carnegie 20 (14) . In this construct, the 780-bp Tn9 sequence representing the CAT structural gene is flanked by two simian virus 40 DNA regions: a 69-bp segment derived from the 5'-untranslated region of the early viral transcription unit and an 852-bp segment that includes the tumor-antigen splice site and polyadenylylation signals. DNA fragments to be assayed for promoter activity in Drosophila can be conveniently fused upstream of this hybrid reporter gene through insertion into a unique Sal I restriction endonuclease site. Further upstream the vector contains the Drosophila rosy' gene that serves as a transformation marker. The entire construct is flanked by the P-element ends that permit transposition in the presence of a helper plasmid that provides the transposase.
The origin of the Bombyx sequences analyzed here was clone pB23 that includes a 3.1-kb genomic DNA fragment encompassing the divergently transcribed chorion gene pair A/B.L12 (19) . We have shown (12) that when this clone is introduced into the Drosophila genome through P-element- Fig. 2 . Extracts were prepared from males, ovariectomized females, and ovaries. Invariably, all control extracts prepared from nine lines transformed with the CarCat-1 vector alone were devoid of activity (Fig. 2, lanes CC) . In contrast, all lines harboring the intact wild-type 272-bp moth intergenic region in either the A or B orientation (14 and 9 independent lines, respectively) yielded enzymatic activity, exclusively in the ovary (Fig. 2 , lanes Awt and Bwt). The sensitivity of the assay was sufficient to establish the absence of activity in males and ovariectomized females at a level 4000 times lower than in ovarian extracts. To eliminate the possibility that the absence of detectable activity in nonovarian extracts is due to the presence of factors interfering with the enzymatic assay, the following reconstruction experiment was performed: ovarian extract from a line of the Awt series, in an amount 0.2% of that routinely used, was assayed in the presence of a 500-fold excess of extract from males, ovariectomized females, or ovaries from a control CC line (Fig. 2, lanes R). No difference in activity was observed among the various assay conditions.
The formal possibility that the absence of detectable activity in nonovarian tissues might be due to tissue-specific instability of CAT mRNA and/or protein cannot be excluded but is rather unlikely. Expression of the CAT gene under the control of certain Drosophila promoters results in accumulation of stable CAT-specific transcripts and the appearance of detectable enzymatic activity in the fat body (20) as well as in certain tissues of male transformants (B. Bienz-Tadmor, personal communication). Furthermore, we have verified that CAT-specific transcripts are absent in RNA from nonovarian tissues of the Awt and Bwt transformant series (results not shown).
Temporal Specificity of Marker Gene Expression. The temporal specificity of ovarian expression of the CAT gene under the control of the Bombyx chorion gene promoter was directly compared with the temporal specificity of expression of the intact moth gene pair within the same tissues. A transformant line of the Awt series, harboring the CAT construct in the X chromosome, was crossed to a transformant line that had an insert of the complete 3.1-kb A/B.L12 fragment in the X chromosome (B23 series, ref. 12). Heterozygous females resulting from this cross were dissected, and RNA as well as total cellular extracts were prepared from staged follicles representing the various stages of Drosophila oogenesis (21) . The RNA was subjected to RNA gel blot analysis using probes specific for either the CAT gene or the moth B chorion gene. As has been reported (12), B-gene specific transcripts accumulate predominantly in the late stages of Drosophila choriogenesis (Fig. 3 Upper, arrow B) . Transcripts of the CAT gene accumulate coordinately, reaching maximal levels during the later part of stage 14 ( Fig. 3 Upper, arrow CAT). Only trace amounts of CAT and B gene transcripts are detectable in earlier follicular stages, in a manner reminiscent of the Drosophila siS chorion gene (12, 22) . The size of CAT transcripts corresponds to the predicted polyadenylylated message spanning the CAT structural gene and the simian virus 40 sequences. Low amounts of a smaller RNA species, with homology to simian virus 40 but not CAT sequences, appear transiently during stages 9 to 11 (results not shown).
The temporal profile of CAT activity in follicular extracts is in general agreement with the temporal profile of the transcripts: in all independent lines, of both the Awt and Bwt series, maximal levels of activity are observed in late stage 14 (Fig. 3 Lower). A low but significant level of enzymatic activity is also evident in earlier stages of oogenesis. Its prevalence could be explained by low-level transcription and a significantly higher stability of CAT protein relative to CAT mRNA. It is pertinent that early follicular stages last substantially longer than the late stages: whereas stages 1-8 are a total of 63 hr long, stages 9-10 are a total of 11 hr long, and stages 11-13 are a total of 3 hr long, stage 14 lasts <2 hr, and its later part even less (23) . The "early" CAT activity, which is one to two orders of magnitude lower than in late stage 14, is apparently specific for follicles, since no enzymatic activity is detectable in other tissues, and tends to be enhanced in early to mid-choriogenic versus prechoriogenic stages.
Quantitation of CAT activity in staged follicles reveals identical temporal specificities for transformants of the Awt and the Bwt series (Fig. 4) . Thus, the intergenic region acts bidirectionally as two coordinate promoters that can developmentally regulate a marker gene, just as it does for the intact A and B chorion genes. We conclude that the 272-bp Developmental Biology: Mitsialis et intergenic region contains elements sufficient for temporal as well as sex-and tissue-specific regulation.
Sensitivity of CarCat-1 Derivatives to Position Effects. Quantitation of CAT activity in late stage 14 follicles of independent transformant lines of the Awt and Bwt series revealed remarkable position effects on expression: whereas the sex, tissue, and temporal specificity is invariant; within each series, level of expression can vary by >50-fold (Fig. 5) . The magnitude of this quantitative variation is higher than in most other studies involving Drosophila transformation (6) (7) (8) (9) (10) . It is also substantially higher than the variation observed with the complete 3.1-kb moth chorion DNA fragment (12) or with truncated derivatives bearing the intergenic region and one of the two genes (data not shown).
The median level of activity seems lower with Bwt than with Awt lines (28 ± 10 versus 149 ± 33 arbitrary units, respectively). Analysis of the two distributions through the two-sample Kolmogorov-Smirnov test (24) indicates that this difference is highly significant (P < 0.005). However, these results do not necessarily suggest an inherent asymmetry in promoter strength between the A and B directions, since the fusions of the intergenic region with the CAT gene in each of the two respective constructs create nonidentical putative (25) and that within this deleted region reside specific nuclear scaffold attachment sites (26) .
Deletion and Substitution Mutations: The Hexanucleotide TCACGT Is Essential for Chorion Gene Promoter Function.
As a first step toward identifying the cis-regulatory elements of the intergenic region, a series of in vitro-mutated derivatives of the region were constructed and functionally analyzed as above. A deletion derivative of the Awt series, lacking the distal 29 nucleotides of the intergenic region, including the B-gene "TATA" element (see AAT in Fig. 1 Fig. 1 ) also retain the ability to support marker gene expression, at a similarly reduced level (Fig. 5) The AA2 deletion removes the hexanucleotide TCACGT ( Fig. 1) , an element which is specifically found in equivalent positions in all sequenced Drosophila chorion gene promoters (27) and in the intergenic region of most moth chorion gene pairs (19) . Therefore, we tested the possibility that inactivation of the promoter in the AA2 construct was due to deletion of the chorion-specific TCACGT element. A clustered substitution mutant of the intergenic region was constructed, in which 8 nucleotides including TCACGT were replaced by an unrelated sequence (Fig. 1, acting cis-regulatory element encompasses the chorionspecific hexanucleotide TCACGT. That element acts bidirectionally, since it is necessary for expression from both the A and the B gene promoters.
